Salvinorin A (1) is a hallucinogenic neoclerodane diterpene isolated from the widely available psychoactive plant SalVia diVinorum and is the first example of a non-nitrogenous opioid receptor ligand. At present, there is little information available as to why this compound is selective for κ opioid receptors. One approach to better understanding the mode of binding of 1 at κ receptors is to systematically alter the structure of 1 and examine the effects on opioid receptor affinity and activity. Currently, there is a paucity of methods described for the preparation of analogues derived from 1. Here, we report the investigation of several chemical transformations of 1 isolated from S. diVinorum. In particular, this work provides a semisynthesis of salvinicins A (2) and B (3) and has identified 10a as the first neoclerodane diterpene with δ opioid antagonist activity.
Results and Discussion
Salvinorin A (1) was isolated from S. diVinorum as described previously. 18 With 1 in hand, our attention focused on the preparation of salvinicins A (2) and B (3). These compounds were needed on larger scale to further assess their biological activity in vivo. The reaction of 1 with bromine in a mixture of CH 2 Cl 2 and MeOH at -30°C gave 2,5-dimethoxydihydrofuran 4 in 93% yield presumably as a mixture of cis and trans isomers (Scheme 1). 19, 20 The selective oxidation of the cis versus trans isomers of 4 with KMnO 4 in a mixture of THF and H 2 O at -10°C afforded a mixture of salvinicin A (2) and salvinicin B (3). 21 These compounds were readily separated from the unreacted trans isomers of 4, and each other, by flash chromatography using a mixture of EtOAc/hexanes. Interestingly, 3 was preferentially formed over 2 in an approximate 3:2 ratio, whereas, in the naturally occurring plant, 2 was isolated in higher concentrations than 3. 11 Having successfully synthesized 2 and 3, we sought to further probe the chemistry associated with neoclerodane diterpenes related to 1. The reaction of 1 with NaIO 4 and a catalytic amount of RuCl 3 ‚ 3H 2 O in a mixture of CCl 4 , acetonitrile, and H 2 O afforded acid 5 in 74% yield. 22 This transformation allows for the selective removal of the furan ring.
The treatment of 1 with N-bromosuccinimide in acetonitrile at room temperature afforded bromofuran 6a in 38% yield. In an HMBC experiment, H-12 showed correlations to nonprotonated carbons at δ 121.3 and 122.7, providing evidence for placement of the bromo group at C-16 as proposed in Scheme 1. Longer reaction times led to decomposition of 1.
Interestingly, when 1 was reacted with bromine in DMF at 0°C , 6a was not formed. Rather, dihydrofuran 6b was formed as a mixture of C-15 R and isomers. Isomers were readily separated by flash chromatography followed by recrystallization. In attempts to separate the C-15 epimers by column chromatography followed by recrystallization, it was observed that one epimer (the C-15 R epimer) rapidly re-converted to a mixture of C-15 R and epimers in solution. The structure proposed is based on spectral analysis of the purified epimer (the C-15 epimer), 6b, which was the more stable of the two isomers in solution.
The structure of 6b was elucidated on the basis of mass spectral and spectroscopic techniques. The HRESIMS of 6b (m/z 527.0918, [M + H] + ) indicated a molecular formula of C 23 H 27 O 9 Br, requiring 10 double-bond equivalents. The 1 H NMR spectrum displayed methyl singlets typical of the salvinorin A core: δ 1.11 (H-19), 1.44 (H-20), 2.19 (-CH 3 CO), and 3.73 (-CO 2 CH 3 ). In addition, typical signals for H-2 (δ 5.13, dd, J ) 8.0, 12.0 Hz), H-4 (δ 2.74, dd, J ) 4.6, 12.2 Hz), and H-11 (δ 2.52, dd, J ) 5.8, 13.3 Hz) were observed. As compared to 1, the aromatic region of the spectrum showed significant differences. Only two proton signals were observed, which was suggestive of substitution on the furan ring. A COSY spectrum indicated that these two protons were vicinal (δ 6.86 and 7.46, J vic ) 1.4 Hz). Inspection of the 13 C NMR spectrum in conjunction with HMBC and HSQC analysis indicated that the furan ring was no longer present. However, signals appeared that were characteristic for an R, -unsaturated γ-lactone substructure (δ 167.7, 149.7, 132.2). The relative downfield shift observed for H-14 (δ H 7.46) indicated that this proton was to the lactone carbonyl group at δ C 167.7. The stereochemical assignment of the C-15 bromo group as came from a ROESY experiment in which cross-peaks were observed from H-15 to H-12. Thus, the structure of 6b is proposed as depicted in Scheme 1.
Our additional synthetic efforts are described in Scheme 2. The reaction of salvinorin B (7) (prepared from 1 using previously described methodology) 18 with 1,1-thiocarbonyldiimidazole (CDI) and a catalytic amount of DMAP afforded imidazole 8 in 63% yield. The treatment of imidazole 8 with 2,2′-azobis(2-methylpropionitrile) (AIBN) and tributyltin hydride in toluene afforded an epimeric mixture of 9a and 9b in 13 and 28% yield, respectively. Other attempts to remove the 2-acetoxy group in 1 using either samarium iodide 23 or Zn and acetic acid were unsuccessful. 24 To circumvent this problem, we sought to prepare the C-2 epimer of 1. It was envisioned that perhaps the -acetoxy group might be more readily cleaved using these conditions given the structural similarities to the diterpene taxol. 23 Thus, the reaction of 7 with acetic acid under modified Mitsunobu conditions 25 afforded acetate 10a in 80% yield. To confirm the inversion of stereochemistry at C-2, the 1 H NMR spectrum of 10a was compared to 1. The change in chemical shift of H-2 for 10a versus 1 (δ 4.85 vs 5.14) and the coupling constants observed (dd, J ) 3.2, 3.2 Hz vs dd, J ) 10.0, 10.0 Hz) indicated that epimerization had occurred at C-2. Based on previous work, 11, 26 the absolute stereochemistry of 10a is as depicted in Scheme 2. Using similar methodology benzoate 10b was also prepared in good yield. However, the reactions of 10a with either samarium iodide or Zn and acetic acid in attempts to prepare 9b were also unsuccessful. We next focused on oxidizing 7 to the corresponding diketone using a mixture of chromium trioxide and pyridine in CH 2 Cl 2 . To our surprise, the corresponding diketone was not formed. Instead, dilactone 11 was formed in 37% yield. In the 1 H NMR spectrum, signals characteristic of the salvinorin core were observed. Thus, signals at δ H 7.43, 7.41, and 6.39 were ascribed to the furan ring. In addition, signals for H-8 (2.15, dd, J ) 1.6, 6.1 Hz), H-10 (2.40, s), H-12 (5.59, dd, J ) 2.7, 5.7 Hz), two saturated methyl groups (δ H 1.33 and 1.45), and the methyl ester group (δ H 3.76) were also observed. On the basis of these data it was inferred that rings B and C and the furan ring had remained intact during the oxidation. Unexpectedly however, a signal at δ 7.32 (1H, s) was present in the spectrum.
In the 13 C spectrum, signals were seen for the furan ring (δ 108.5, 125.5, 139.6, 144.0), the ring C lactone carbonyl group (δ 170.8), and the C-18 ester group (δ 164.5). Additionally, signals at δ 123.6 and 148.1 indicative of a double bond were also observed. A signal characteristic of an ester carbonyl group was also observed at δ 166.4. This signal showed HMBC correlations to H-10 and to the proton at δ 7.32. Signals at δ C 164.5 and 123.6 also showed HMBC correlations to the proton at δ H 7.32. Further HMBC analysis allowed for assignment of the proposed structure. An alternate structure with the ester group at δ C 166.4 adjacent to the carbon at δ C 148.1 was also considered on the basis of the HMBC data, but this was ruled out on the basis of the chemical shifts observed particularly for H-10. Thus, the structure of 11 is proposed as depicted in Scheme 2.
Biological Results
The activity of 1 and 10a at the hκOR was determined using the [ 35 S]GTP-γ-S binding assay in CHO membrane preparations stably expressing the hκOR, and these data were compared to those obtained using the Calcium 3 dye homogeneous assay that detects the release of internal calcium stores. For the calcium flux assay, CHO cells stably expressing the promiscuous G q protein G R 16 were stably transfected with a mammalian vector containing the hκOR, resulting in the G i -coupled hκOR being coupled to the mobilization of internal calcium. In keeping with early results, 10 1 was a full agonist at the hκOR and more potent than the κ opioid full agonist U69,593 in the [ 35 S]GTP-γ-S binding assay. Compound 10a was also a full agonist, but with a potency similar to U69,593. The results in the whole cell calcium flux assay paralleled those of the binding assay except that the EC 50 values were over 10-fold lower for all three compounds. This probably reflects a higher degree of receptor reserve in the G R 16-hκOR cells (Table 1, Figure 1 ). The ratios of the EC 50 values for 1 and 10a to the U69,593 EC 50 were essentially the same in both assays, indicating that the nonradioactive calcium flux assay is a viable method for determining the activity of a compound at the hκOR. Of interest is that 1 produced a slight, but significantly higher stimulation of calcium flux than either 10a or U69,593. This change is similar to what has been observed from electrophysiological studies on the activation of hκOR expressed in Xenopus oocytes, 8 but significantly higher stimulation of calcium flux than either 10a or U69,593. It is possible that 1 is recognizing conformations of the hκOR not bound by either 10a or U69,593 and not present in appreciable amounts in the CHO cell membranes. Additional experiments are needed to determine if this is the case. The selectivity of 1 and 10a for the hκOR was determined by measuring the ability of test compounds to inhibit stimulated (selective for δ opioid receptor) using membranes prepared from CHO cells expressing the hµOR or hδOR. In keeping with early work, 6 1 was highly selective for the hκOR. In contrast, 10a was found to have antagonist activity at µ (K e /EC 50 ) 9.5) and δ (K e / EC 50 ) 2.5) opioid receptors. This describes the first neoclerodane diterpene (10a) with δ antagonist activity.
In conclusion, we have developed a practical method for the synthesis of salvinicins A (2) and B (3) from 1 isolated from S. diVinorum. In addition, we report useful methodology for the functionalization of 1. We have shown that reduction of the furan to a dihydrofuran is feasible. The furan ring may be selectively removed or halogenated. A three-step procedure for removal of the acetoxy group has been developed, and inversion of stereochemistry at C-2 has been accomplished. These methods provide access to the compounds described, as well as to related analogues that may be used to further study the structure-activity relationships of neoclerodane diterpenes at opioid receptors. Finally, we have identified 10a as the first neoclerodane diterpene with δ antagonist activity.
Experimental Section
General Experimental Procedures. Unless otherwise indicated, all reagents were purchased from commercial suppliers and were used a The data represent the mean ( SEM from 3 or 4 independent experiments for the hκOR data and 2 experiments for the µ and δ receptors. The hκOR data in each column were compared by one-way ANOVA and Tukey's post hoc test performed only if the ANOVA was significant. b F(2,8) ) 9.99, P < 0.01. c F(2,8) ) 0.137, P ) NS. d F(2,6) ) 7.09, P < 0.05. e F(2,6) ) 5.63, P < 0.05. f-h Data with different letter superscripts are different from each other. without further purification. All melting points were determined on a Thomas-Hoover capillary melting apparatus and are uncorrected. The 1 H NMR and 13 C NMR spectra were recorded at 300 MHz on a Bruker Avance-300 spectrometer or on a Bruker AMX-600 spectrometer using CDCl3 as solvent, δ values in ppm (TMS as internal standard), and J (Hz) assignments of 1 H resonance coupling. HMBC and HMQC data were collected on the AMX-600 spectrometer. Thin-layer chromatography (TLC) was performed on 0.25 mm Analtech GHLF silica gel plates. Spots on TLC were visualized with vanillin/H2SO4 in EtOH. Column chromatography was performed with silica gel (32-63 µm particle size) from Bodman Industries (Atlanta, GA). Isolation of 1. Dried S. diVinorum leaves (1.5 kg), obtained commercially from ethnogens.com, were ground to a fine powder and percolated with acetone. The acetone extract was concentrated under reduced pressure to afford a crude green gum, which was subjected to repeated column chromatography on silica gel with elution using a mixture of EtOAc/hexanes to afford 1 (TLC) and other minor diterpenes. The melting point and 1 H NMR and 13 C spectra of 1 were in agreement with previously reported data. 3, 27 (2S,4aR,6aR,7R,9S,10aS,10bR)-9-(Acetyloxy)-2-(2,5-dimethoxy-2,5-dihydrofuran-3-yl)-dodecahydro-6a,10b-dimethyl-4,10-dioxo-2H-naphtho[2,1-c]pyran-7-carboxylic acid methyl ester (4). A solution of bromine (0.075 mL, 1.46 mmol) in MeOH (1 mL) was added in a dropwise manner to a solution of 1 (0.25 g, 0.59 mmol) in a mixture of CH2Cl2 (50 mL) and MeOH (2 mL) at -30°C. The mixture was allowed to stir at -30°C for 1 h and was quenched by the addition of saturated NaHCO3 (100 mL). The layers were separated, and the organic layer was collected, washed with saturated NaHCO3 (50 mL) and H2O (70 mL), and dried (Na2SO4). Removal of the solvent under reduced pressure afforded a white foam. Preparation of Salvinicin A (2) and Salvinicin B (3) from 4. To a solution of 4 (0.27 g, 0.54 mmol) in THF (30 mL) at -10°C under nitrogen was added with vigorous stirring KMnO4 (0.09 g, 0.54 mmol) in H2O (10 mL). The resulting mixture was stirred at -10°C for 30 min and was then allowed to warm to room temperature and stirred for a further 16 h. The mixture was filtered and the residue was washed with THF (2 × 30 mL). Solvent was removed under reduced pressure, affording a crude oil. The crude oil was dissolved in EtOAc (50 mL), and the solution was washed with H2O (70 mL) and dried (Na2SO4). Removal of solvent under reduced pressure afforded a crude mixture. The mixture was subjected to flash chromatography eluting with 50%-70% EtOAc/hexanes to afford 2 (0.03 g, 17%), 3 (0.04 g, 27%), and trans-4 (0.11 g). Compounds 2 and 3 showed [R]D, IR, 1 H NMR, 13 C NMR, and MS identical with those previously reported for the natural diterpenoids previously found in S. diVinorum. 11 (2S,4aR,6aR,7R,9S,10aS,10bR)-9-(Acetyloxy)dodecahydro-6a,-10b-dimethyl-4,10-dioxo-2H-naphtho[2,1-c]pyran-2,7-dicarboxylic acid 7-methyl ester (5). A solution of 1 (0.10 g, 0.23 mmol) in CCl4/CH3CN/H2O (2:2:3, 7 mL) was stirred at room temperature. To the solution was added NaIO4 (0.75 g, mmol) followed by a catalytic amount of RuCl3‚3H2O. The mixture was stirred vigorously at room temperature for 1 h and then filtered through a pad of Celite. The Celite pad was washed with EtOAc (50 mL), and the organic layer was collected. The organic layer was washed with saturated NaHCO3 (30 mL), and the aqueous layer was collected. The aqueous layer was then acidified with 2 N HCl (50 mL) and extracted with EtOAc (50 mL). The organic extract was washed with H2O (2 × 30 mL), dried (Na2-SO4), filtered, and concentrated under reduced pressure to yield 0.70 g (74%) of 5 as a white solid, mp 144-146.5°C: 1 1H, dd, J ) 8.4, 8.4); 3.75 (3H, s) ; 5.14 (1H, dd, J ) 9.6, 10.5); 5.45 (1H, dd, J ) 5.4, 12.0); 6.40 (1H, d, J ) 2.1) (2S,4aR,6aR,7R,9S,10aS,10bR)-9-(Acetyloxy)-2-(5-bromo-2-oxo-2,5-dihydrofuran-3-yl)dodecahydro-6a,10b-dimethyl-4,10-dioxo-2H-naphtho[2,1-c]pyran-7-carboxylic acid methyl ester (6b). A solution of 1 (0.10 g, 0.23 mmol) in DMF (40 mL) was cooled to 0°C in an ice bath. A solution of Br 2 in DMF was prepared by dissolving 1 mL of Br2 in 9 mL of DMF. A 0.1 mL portion of this solution was added over 10 min to the stirring solution of 1 and stirred for 20 min. An additional 0.05 mL of the Br2 solution was added over 2 min, and the reaction was allowed to warm to room temperature and stirred for 1 h. The mixture was diluted with H2O and extracted with Et2O (2 × 20 mL). The combined organic extracts were then dried (Na2SO4), filtered, and concentrated under reduced pressure to yield a crude oil. Calcium Flux Assay. κOR activation was also assayed in CHO cells stably expressing GR16 (Molecular Devices, Sunnyvale, CA) and the hκOR (University of Missouri cDNA Resource Center). The Calcium 3 dye assay (Molecular Devices) was used and carried out according to manufacturer's specifications. Briefly, the cells were plated in HAM's F-12 medium with 10% FBS, 200 µg/mL hygromycin, and 400 µg/ mL Geneticin at 30 000 cells/well in 96-well black clear-bottom plates (Corning, Corning, NY) and incubated at 37°C, 5% CO 2 overnight. Activation of the hκOR via test compounds was assessed the next day. On the day of assay, the culture medium was removed and the cells washed once in 100 µL of HBSS buffer containing 0.78 mg/mL probenicid, followed by the addition of 100 µL of HBSS buffer plus probenicid and 100 µL of Calcium 3 dye (diluted 1:1 with HBSS). The cells were incubated with the dye at 37°C for 1 h. Test compounds were evaluated using seven different concentrations run in duplicate. These were added to cells at 5× final concentration in HBSS/probenicid containing 1.25% DMSO (0.25% final concentration). The effect of test compound on internal calcium mobilization was determined with a FlexStation II 384 (Molecular Devices) set for bottom read with 485 nm excitation and 525 nm emission wavelengths with a 515 nm emission cutoff. Data were captured using SoftmaxPro (Molecular Devices) and max-min used to calculate the change in fluorescence intensity.
Data Analysis. Data are reported as the mean ( SEM from at least three separate experiments. Prism was also used to run the one-way ANOVA and post hoc tests on the hκOR data.
